The checkpoint sliding-clamp complex, Rad9/Rad1/Hus1, plays a critical role during initiation of checkpoint signals in response to DNA damage and replication disruption. We investigated the impact of loss of Rad1 on checkpoint function and on DNA replication in mammalian cells. We show that RAD1 is an essential gene for sustained cell proliferation and that loss of Rad1 causes destabilization of Rad9 and Hus1 and consequently disintegration of the sliding-clamp complex. In Rad1-depleted cells, Atrdependent Chk1 activation was impaired whereas Atmmediated Chk2 activation was unaffected, suggesting that the sliding clamp is required primarily in Atr-dependent signal activation. Disruption of sliding-clamp function also caused a major defect in S-phase control. Rad1-depleted cells exhibited an RDS phenotype, indicating that damage-induced S-phase arrest was compromised by Rad1 loss. Furthermore, lack of Rad1 also affected the efficiency of replication recovery from DNA synthesis blockage, resulting in a prolonged S phase. These deficiencies may perpetually generate DNA strand breakage as we have found chromosomal abnormalities in Rad1-depleted cells. We conclude that the Rad9/Rad1/Hus1 complex is essential for Atr-dependent checkpoint signaling, which may play critical roles in the facilitation of DNA replication and in the maintenance of genomic integrity.
Introduction
Maintenance of genomic stability requires precise control of the cell division cycle upon genotoxic stress from both intrinsic and extrinsic sources. DNA damage and replication interference elicit instantaneous cell cycle checkpoint responses, which include attenuation of the cell cycle progression to prevent DNA lesions and collapsed replication forks from being converted into heritable mutations.
Genetic analyses in budding and fission yeast have revealed many components and mechanisms of DNA damage and replication checkpoints (Elledge, 1996; Caspari and Carr, 1999; Kolodner et al., 2002) . In the fission yeast Schizosaccharomyces pombe, the Rad3/ Rad26 protein kinase complex appears to be the signalinitiating kinase (Edwards et al., 1999; Wolkow and Enoch, 2002) . Loss of Rad3 impairs both DNA damage and replication checkpoints. Activation of the Rad3-dependent checkpoint signal, however, requires Rad1, Hus1, Rad9, and Rad17 (Martinho et al., 1998; Brondello et al., 1999) . Rad1, Hus1, and Rad9 form a PCNA-like trimeric complex (Caspari et al., 2000; Kaur et al., 2001) and along with the RFC-like Rad17 (Griffiths et al., 1995) , constitute a clamp-clamp loader structure, which may provide a scaffold for the assembly of a DNA damage recognition complex (Venclovas and Thelen, 2000) and for the subsequent substrate recruitment of the Atr kinase. Fission yeast rad1 mutants fail to arrest the cell cycle when cells encounter DNA damage or replication blockage (Rowley et al., 1992) . The molecular basis for such failure seems to be that the loss of Rad1 abrogates the activation of Rad3 targets such as Chk1 and Cds1 (Boddy et al., 1998) .
In mammalian cells, the DNA damage and replication checkpoints have evolved both in terms of number of participating factors and in the complexity of the mechanisms. However, the basic framework, particularly the checkpoint signal initiation process, seems largely analogous to lower eucaryotes (Zhou and Elledge, 2000) . Two protein kinases homologous to the fission yeast rad3 kinase, Atm and Atr, are key components of the DNA damage and replication checkpoints. Atm is primarily involved in the response to double-strand DNA breaks, whereas Atr responds broadly to DNA damage and replication stress (Abraham, 2001 ). Current evidence suggests that Atr and Atm are signal-initiating kinases for the checkpoint kinase cascade, which leads to activation of downstream targets including Brca1, Chk1, Chk2, p53, Smc1, and Nbs1. Rad1, the human homolog of fission yeast Rad1, forms a PCNA-like clamp with Hus1 and Rad9 as in the fission yeast (Volkmer and Karnitz, 1999) . Similarly, the RFC-like Rad17 was found to interact with the Rad9/ Rad1/Hus1 (9-1-1 complex) clamp (Lindsey-Boltz et al., 2001) . Recent studies suggest that a potential function of the clamp-clamp loader complex is to recruit substrates for the signal-initiation kinases (Zou et al., 2002; Bermudez et al., 2003) . Deletion of Hus1 in mice leads to embryonic lethality and also affected damage-induced Chk1 phosphorylation (Weiss et al., 1999 (Weiss et al., , 2002 (Weiss et al., , 2003 . In contrast, little is known about the function of Rad1 and the dynamics of the Rad9/Rad1/Hus1 complex during checkpoint activation. In this report, we generated a RAD1 gene-silencing model, and examined the effect of loss of Rad1 on checkpoint signaling, cell cycle response to genotoxic stress, and chromosomal stability. We show that Rad1 is essential for sustained cell growth, and that Atr-dependent Chk1 phosphorylation and damage-induced S-phase arrest are defective in cells depleted of Rad1. Moreover, loss of Rad1 also affected DNA synthesis recovery following hydroxyurea (HU) treatment. These results indicate that the Rad9/Rad1/ Hus1 sliding clamp is critical for Atr-mediated checkpoint function that involves the facilitation of DNA replication.
Results

RAD1 is essential for sustained cell proliferation
To determine whether RAD1 is required for cell proliferation, we generated a Rad1 cellular knockdown model by using a hairpin loop-based siRNA vector that effectively targets the RAD1 transcript ( Figure 1a ). When this siRNA vector was introduced into HCT-116 cells, we found that expression of RAD1 siRNA resulted in a marked decrease in colony formation efficiency compared to HCT-116 cells treated with a control vector transcribing luciferase siRNA (Figure 1b) . Similarly, HeLa and MCF-7 cells also exhibited significantly reduced clonogenicity through ectopic expression of RAD1 siRNA (Figure 1c) . These results clearly indicate that Rad1 is essential for sustained cell proliferation. Importantly, the cellular lethality caused by Rad1 depletion can be rescued by homozygous deletions of p21 or p53 in HCT-116 cells (Hermeking et al., 1997; Bunz et al., 1998) , suggesting that elevated genomic instability may be the primary cause of cell growth inhibition caused by Rad1 knockdown.
Stability of the Rad9/Rad1/Hus1 sliding-clamp complex relies on the presence of all three subunits To determine how Rad1, Rad9, and Hus1 cooperate in their function as a complex, we investigated the functionality of Rad9 in Rad1-depleted cells. As shown (Figure 2a) , transient introduction of the RAD1 siRNA construct effectively depleted the Rad1 nuclear staining in cells positive for cotransfected GFP signal. However, in cells where Rad1 is depleted, Rad9 signal also exhibited drastic reduction (Figure 2b) , suggesting that the stability of Rad9 is dependent on the presence of the Rad1 protein. Western analysis (Figure 2c ) also showed a decreased Rad9 protein level in cell extracts. Similarly, chromatin-bound Rad9 was reduced drastically when chromatin-bound Rad1 was depleted. The Rad17 protein level, however, was not altered by loss of Rad1, suggesting that stability of the clamp loader does not require the presence of Rad1.
We then asked whether the stability of Rad1 is affected by loss of another component of the slidingclamp complex, Hus1. For this purpose, a HUS1 homozygous deletion mutant (Weiss et al., 2002) was The 9-1-1 complex and genomic instability S Bao et al used to analyse the protein levels of Rad1 and Rad9 in the absence of Hus1. As shown in Figure 2d , cells lacking Hus1 showed a marked decrease in both Rad1 and Rad9 protein levels, while the level of Rad17 remained constant. Taken together, these results suggest that the stability of the Rad9/Rad1/Hus1 sliding-clamp complex relies on the presence of all of its components. Loss of one subunit appears to lead to the disintegration of the entire complex and destabilization of the remaining components. This finding allowed us to address the function of the complex with the Rad1-depleted cellular model.
Checkpoint activation in Rad1-depleted cells
In fission yeast, Rad1 is essential for the activation of the Rad3-dependent checkpoint. We therefore examined whether Rad1 is required in the activation of Atm and Atr downstream targets. To address this question, a population of HCT-116 cells expressing RAD1 siRNA was established via G418 selection and were shown to exhibit a significantly reduced Rad1 protein level ( Figure 3a) . We then examined damage-induced phosphorylation of Chk1 and Chk2 as targets of the Atr and Atm kinases, respectively. In cells transfected with a control siRNA vector, UV treatment induced Chk1 phosphorylation on Ser 345, while Chk2 Thr 68 phosphorylation occurred upon both g-radiation and UV exposure (Matsuoka et al., 2000; Abraham, 2001 ). In cells expressing RAD1 siRNA, phosphorylation of Chk1 exhibited clear reduction (Figure 3b ), whereas loss of Rad1 did not seem to affect Chk2 phosphorylation in response to either UV or g-radiation ( Figure 3c ). These results suggest that the function of the Rad9/Rad1/Hus1 complex is important for Atr-dependent Chk1 phosphorylation, but not for the Atm-dependent Chk2 Thr 68 phosphorylation.
Previous analysis of Atr-deficient cells demonstrated a defective G2/M checkpoint upon DNA damage (Cortez et al., 2001) . To determine whether defective Chk1 phosphorylation caused by loss of Rad1 affects the G2/ M checkpoint, we examined DNA damage-induced mitotic entry delay. HCT-116 cells harboring the RAD1 siRNA construct or control (Luc siRNA) were exposed to g-radiation followed by 16 h of incubation in nocodazole to retain cells having entered mitosis. Mitotic entry, detected by immunofluorescent staining of phospho-histone H3, was measured by laser-scanning cytometry. As shown (Figure 3e ), mitotic entry was effectively delayed by radiation exposure in luciferase siRNA-treated cells, as phospho-H3-positive cells decreased from 38.5 to 1.3%. Rad1-depleted cells also exhibited a much reduced mitotic cell population (from 21.7 to 1.0%) upon IR treatment. Under similar conditions, Atr-null HCT-116 cells exhibited profound defect in the IR-induced G2/M block (Cortez et al., 2001) . Thus, depletion of Rad1, despite the accompanied reduction of Chk1 phosphorylation, had little effect on the IR-induced mitotic entry block, suggesting that the Rad9-Rad1-Hus1 complex may not be essential in an IR-induced G2/M checkpoint.
Rad1 is involved in the replication checkpoints and facilitates normal replication progression
In fission yeast, Rad1 is critical in the Rad3-dependent S-phase checkpoint activation, which leads to Cds1 phosphorylation . Fission yeast rad1 mutant fails to attenuate the progression of replication when DNA damage occurs. To test whether Rad1 loss in human cells also affects S-phase control, we tested cells lacking Rad1 for radioresistant DNA synthesis (RDS). As shown (Figure 4a ), HCT-116 The 9-1-1 complex and genomic instability S Bao et al cells treated with a control siRNA showed a dramatic decrease in DNA synthesis upon g-radiation. RAD1 siRNA vector-treated cells, in contrast, exhibited persistent RDS after IR exposure. The effect of siRNA-mediated Rad1 depletion appeared to be most profound at the dose of 5 Gy, as indicated by a high level of RDS compared with the positive Atm mutant (GM5849) control. This result is consistent with the observation that loss of Rad1 causes decreased Chk1 activation, which is essential in establishing the S-phase checkpoint (Feijoo et al., 2001 ). When cells lacking Rad1 were exposed to UV, we also observed a defective S-phase arrest (data not shown). Similar to the IR result, the defect was more noticeable at a relatively lower dose of UV exposure (2 J/m 2 ). The complete S-phase checkpoint involves several distinct elements. The immediate responses include DNA synthesis arrest and suppression of late-firing origins. Replication forks stalled by encountering lesions then require proper stabilization. Moreover, collapsed replication forks need to be re-established. Our result from the clonogenic assay indicated that Rad1 is essential for sustained cell proliferation even when cells were cultured under unperturbed conditions. We reasoned that Rad1 function might be involved in the normal replication process by facilitating the stabilization and recovery of disrupted replication forks. Thus, we examined whether Rad1 loss affects recovery of DNA synthesis from HU-mediated replication blockage. Control and Rad1-depleted cells were incubated in 7.5 mM of HU for 16 h, resulting in the complete stoppage of DNA synthesis (Figure 4c , 0 h). Upon release into fresh media, the level of DNA synthesis recovery in Rad1-depleted cells, measured by [ 3 H]thymidine incorporation, was significantly lower than control cells (Figure 4b ). This result suggests that Rad1 function may be required in the re-establishment of stalled or collapsed replication forks generated by HU treatment. Alternatively, it is possible that Rad1-depleted cells possess a low percentage of late S-phase cells when arrested by HU, while Rad1-proficient cells have an unbiased distribution of S-phase cells. To distinguish whether retarded DNA synthesis recovery is caused by one or a combination of both mechanisms, BrdU pulse labeling was carried out at various time points to monitor postrelease DNA synthesis. In asynchronous cells, BrdU pulse labeling showed equally distributed S-phase cells in both RAD1 siRNA-and Luc siRNA-treated cells (Figure 4c and d, untreated), suggesting that loss of Rad1 does not cause a significantly biased S-phase distribution. In cells arrested by 16 h of HU block, however, DNA synthesis was entirely abolished (Figure 4c and d, 0 h) . At 4 h after cells were released into fresh medium, RAD1 siRNA-treated cells showed less efficient recovery of DNA synthesis compared to Luc siRNA-treated cells. At 8 h after HU release, the majority of control cells (Luc siRNA) have progressed through mid-S phase, whereas the majority of RAD1 siRNA-treated cells remained in early S phase. Moreover, RAD1 siRNAtreated cells with late S-phase DNA content also exhibited a reduced level of BrdU labeling, as reflected by the increasing amount of late S-phase cells with low BrdU incorporation (Figure 4c , compare RAD1 siRNA with Luc siRNA at 8 h). Collectively, these results suggest that the sliding-clamp function is important in the normal S-phase progression and in the efficient recovery from DNA synthesis blockage. This finding may explain, at least in part, why the sliding-clamp proteins and components of the Atrdependent checkpoint in general (Atr, Rad17, Rad1, Hus1, and Rad9) are essential for cell viability. The 9-1-1 complex and genomic instability S Bao et al
Loss of rad1 leads to genomic instability
To assess the consequence of Rad1 loss on chromosomal stability, we examined metaphase chromosome spreads 5 days after transient transfection with the siRNA vector and G418 selection of RAD1 siRNA vector. As shown (Figure 5 ), cells transfected with the control siRNA vector showed a background level of chromosomal breaks at 0.27/cell, whereas RAD1 siRNA treatment resulted in a significant increase in chromosomal breakage (at 0.57/cell). We found that the chromosomal abnormalities in Rad1-depleted cells were primarily chromosome breaks and dicentrics. This result further confirms that loss of Rad1 directly affects genomic stability, consistent with our above observation that Rad1 loss compromised several aspects of the DNA damage and replication checkpoints.
Discussion
While early studies in yeast systems suggested that the Rad9/Rad1/Hus1 sliding clamp functions as a DNA damage sensor for checkpoint pathways, recent evidence has indicated that this complex most likely acts in parallel with the signal initiation kinase during checkpoint activation (Kondo et al., 2001; Melo et al., 2001; Zou et al., 2002) . We found that loss of either Rad1 or Hus1 decreases the stability of Rad9, and consequently leads to the destruction of the entire 9-1-1 complex. Loss of Rad1, albeit causing significant reduction of Chk1 activation, produced little effect on the IRinduced mitotic entry checkpoint. Rather, the S-phase checkpoint and DNA synthesis recovery exhibited defects upon Rad1 depletion.
Our in vivo assessment of the Rad9/Rad1/Hus1 complex led to the finding that the stability of each individual component depends on the integrity of the entire complex. Consistent with our result, a decreased Rad9 protein level was found in Hus1 À/À cells (Zou et al., 2002) and, more recently, a RAD9 À/À mutant was shown to have undetectable levels of Rad1 and Hus1 (Roos-Mattjus et al., 2003) . Such interdependence of protein stability within a complex has been observed in The 9-1-1 complex and genomic instability S Bao et al the Ercc1-Xpf exinuclease (Sijbers et al., 1996) and the Ku70-Ku80 (Chen et al., 1996) complex. Presumably, each individual subunit, once outside the context of the sliding clamp, may be rendered proteolytically unstable or subjected to active degradation processes. Moreover, association with other proteins may help to retain individual protein stability as in the case of Rad9 (Komatsu et al., 2000a) . Overall, this result may explain the phenotypic resemblance among mutants of the checkpoint sliding-clamp components. Upon siRNA-mediated Rad1 depletion, we found that UV-induced Chk1 Ser345 phosphorylation was significantly reduced, whereas IR-induced Chk2 Thr68 phosphorylation remained unaffected. Likewise, HUS1 deletion had minimum effect on Chk2 activation, while Chk1 phosphorylation was significantly reduced (Weiss et al., 2002) . Interestingly, the decreased Chk1 phosphorylation in Rad1-depleted cells caused minimum effect on the IR-induced G2/M checkpoint. It is possible that the siRNA approach, despite a profound reduction in Rad1 protein level, did not completely remove the Rad1 protein. Therefore, a residual level of Chk1 activation may be sufficient to elicit the G2/M checkpoint response. However, in Hus1-null cells where the function of the 9-1-1 complex was presumably lost to a much greater extent than RAD1 siRNAtreated cells, the G2/M checkpoint was also minimally affected despite a severe loss of DNA damage-induced Chk1 phosphorylation (Weiss et al., 2003) . These observations, taken together, suggest that the function of the Rad9/Rad1/Hus1 complex and that of the activated Chk1 kinase may function primarily in S-phase regulation upon DNA damage or replication disruption.
Our analysis of Rad1 function in DNA replication indicated that Rad1 is important in both DNA damageinduced S-phase arrest and in S-phase recovery from DNA synthesis blockage. It has been shown that cells overexpressing a dominant-negative Atr kinase display a strong RDS phenotype, which suggests that Atr is required in S-phase arrest (Cliby et al., 1998) and that Rad1 may be involved in mediating such arrest. Also, we found that cells deprived of Atr or Rad17 exhibited similar defects in S-phase arrest and in recovery from synthesis blockage (S Bao and L Li, unpublished data). Collectively, these results suggest the Atr-clamp loader-sliding-clamp pathway not only regulates the S-phase response to DNA damage but also plays a role in facilitating DNA synthesis progression or replication recovery. One likely mechanism for the observed defect in S-phase progression may be that the Atr-dependent checkpoint is required in re-initiation of stalled or collapsed replication forks. In budding yeast, Mec1-dependent checkpoint signaling is essential in suppression of late firing origins (Santocanale and Diffley, 1998) and in recovery of stalled/collapsed replication forks (Lopes et al., 2001; Tercero and Diffley, 2001) . In a vertebrate system, Chk1-null chicken DT40 cells showed multiple S-phase checkpoint defects including a prolonged S phase and inability to resume DNA synthesis upon release from replication blockade (Zachos et al., 2003) . Thus, the S-phase progression defects we have observed can be attributed, at least in part, to the lack of Chk1 activation resulting from disruption of the checkpoint sliding clamp. In addition, the sliding clamp-clamp loader complex may also be an inherent component of the replication machinery, facilitating the recovery of stalled and collapsed forks. Consistently, Rad17 and component of the 9-1-1 complex have been found in actively replicating sites (Komatsu et al., 2000b; Post et al., 2003) , and their protein levels were connected with cell proliferation status (Wang et al., 2001) . The inability to resume DNA synthesis from collapsed replication forks will likely result in accumulation of DNA strand breaks and gaps as we have observed. Additionally, chromosomal fragility, characterized by replication inhibitor-induced chromosomal breaks and gaps, has been found in cells lacking Atr function (Casper et al., 2002) . This evidence, together with ours, argues strongly that the Atr-Rad17-Rad9/Rad1/Hus1path-way may play a crucial role in facilitating the normal progression and completion of DNA synthesis in mammalian cells.
Materials and methods
Cell lines and antibodies
HCT-116, MCF-7, and HeLa cells were maintained in DMEM plus 10% FCS. The Hus1
À/À MEF cell line and control Hus1
À/À MEF cells (Weiss et al., 2002) were obtained from R Weiss (Cornell University) and cultured in DMEM supplemented with 10% fetal bovine serum, 1.0 mM Lglutamine, and 0.1 mM MEM nonessential amino acids. The polyclonal antibodies against phospho-Chk1 (Ser 345) and phospho-Chk2 (Thr 68) were products of Cell Signaling Technology. The polyclonal antibody against Rad17 was purchased from Santa Cruz Technology. Rabbit antibody against Rad1 was raised against an Escherichia coli recombinant Rad1 protein produced in the form of a 6 Â histidine fusion and affinity purified with an MBP-Rad1 fusion. Clonogenic survival was performed in triplicate following standard protocols. Figure 5 Loss of Rad1 results in chromosomal instability. HCT-116 cells transiently transfected with control or RAD1 siRNA construct were subjected to G418 selection for 5 days before metaphase chromosome spreads were prepared for chromosome breakage analysis. Average breaks per cell and error bars were derived from two independent analyses of 100 metaphase spreads for each sample
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Vector construction and hairpin loop-based RNA interference
The U6 promotor-driven siRNA expression vector (pDsU6) was constructed by inserting the U6 promotor sequence into pEGFPN1 (Clontech). Briefly, a 322 bp PCR product bearing an intact U6 snRNA promotor was generated from the pTZU6 þ 1 vector (Paul et al., 2002) . The pEGFPN1 vector was digested with AseI and NotI to release the CMV-EGFP expression cassette prior to the insertion of the PCR fragment. The resulting pDsU6 vector possesses a functional U6 promotor while retaining the neomycin marker. Design of the hairpin loop RNA coding sequence has been previously described (Paddison et al., 2002) . The length of the hairpin used in this study is nine bases. The target sites (with the adenine residue of the initiation coding designated as the þ 1 position) in the RAD1 coding regions are 59-79 (gccttgacaacgttaggaatc), 586-606 (gcaggaagttcccaccttgac), and 815-833 (gcctgatgaagaagttcc). All target sites were verified in the Human Genome sequence database (Celera) as unique sequences. The siRNA construct targeting 586-606 of RAD1 transcript showed most effective knockdown of the Rad1 protein and was used in all subsequent studies.
Immunofluorescence analysis
HCT-116 or MCF-7 cells, grown on glass coverslips, were fixed with 3.7% paraformaldehyde for 10 min and permeablized with 0.5% Triton X-100 for 10 min. Samples were blocked in 1% BSA in 1 Â PBS at room temperature for 1 h and then incubated with primary antibodies at 371C for 1 h. After extensive washing, samples were incubated with FITCor Cy3-conjugated secondary antibodies (Jackson Immnuoresearch Laboratories) at 371C for 1 h. Images were obtained on either a fluorescence microscope (Leica DMLB) or a Zeiss confocal microscope (LSM510).
Cell cycle analysis and clonogenic assay
Immunofluorescent detection of phospho-histone H3 has been previously described (Wang et al., 2003) . DNA content and fluorescence were measured by a laser-scanning cytometer (CompuCyte Inc.). When BrdU-labeled cells were analysed, pepsin was used to digest the cells prior to antibody incubation. No less than 5000 cells were scanned from each sample. For clonogenic assay, HeLa, MCF-7, or HCT-116 cells were transfected using FuGENE 6 (Roche) with vectors transcribing luciferase or RAD1 siRNA, respectively. At 20 h after transfection, cells were harvested and re-plated at low density and allowed 8-12 days for colony formation. For p21 À/ À HCT-116 and p53 À/À HCT-116 cells, colony formation of Luc siRNA-treated wild-type HCT-116 was considered as 100%. Data points and error bars were derived from three or more independent experiments with duplicate transfections.
DNA synthesis assays
HCT-116 cells at 50% confluence in 60-mm dishes were transfected with the RAD1 siRNA construct or the control Luc siRNA construct. After 24-36 h, cells from each 60-mm dish were trypsinized and re-plated into two 100-mm dishes and allowed to grow for 3 days in the presence of G-418 (800 mg/ml) to enrich for transfected cells. Subsequently, cells were re-plated at a density of 5 Â 10 5 cells/60-mm dish in the presence of 500 mg/ml of G-418 and prelabeled with [ 14 C]thymidine for 24 h. After removing [
14 C]thymidine-containing media, the cells were incubated for another 24 h before IR or HU treatment was applied. BrdU or [ 3 H]thymidine was used to quantify DNA synthesis, which is measured by the resulting ratio of 3 H to 14 C counts.
Cytogenetic analysis
Colcemid (20 ng/ml) was added to cell culture 2 h before harvesting by trypsinization. Cells were then swollen for 10 min at 371C in 0.075 M KCl, and fixed for 20 min in methanol : acetic acid (3 : 1; v : v). Fixed cells were spotted onto microscopic slides and stained by 4% Giemsa in 0.01 M phosphate buffer (pH 6.8). For each blind sample, chromosomal breakage in 100 or 200 well-spread metaphases was counted.
